Polarization beam splitters based on three-core photonic crystal fibers are presented. The two different polarizations of the input field are separated to the horizontal and vertical output ports. The splitter design has been done through modal and beam propagation analysis with high performance codes based on the finite element method. Device length of few mm and extinction ratios between -14 dB and -23 dB have been obtained for bandwidths up to 90 nm. Keywords: photonic crystals fibers, microstructured fibers, polarization beam splitter, finite-element beam propagation method, finite element method.
INTRODUCTION
Polarization beam splitters are important components for many applications in optical communication systems, as, for example, in polarization diversity optical detection. Several devices have been proposed in the past years, relying on integrated optics technology and exploiting mode evolution or interference effects [1] [2] [3] [4] [5] [6] . Recently, with the advent of photonic crystals, new devices have been proposed to split the orthogonal modes of a single mode fiber into separated planar waveguides [7] . Also photonic crystal fibers (PCFs), single-material fibers with microscopic holes running parallel to the axis along their entire length, have been proposed to split polarizations [8] [9] [10] [11] . In fact PCFs offer great flexibility in the choice of hole dimensions and positions so that they are easy to make with multiple cores and complex structures. While in [8] and [9] a directional coupler polarization splitter based on highly birefringent dual-core PCF is presented, in [10] and [11] an asymmetric dual-core structure is considered. In these works very short lengths and good extinction ratios have been achieved.
Unfortunately the previous solutions have two main drawbacks. The first one is related to the output port assigned to each polarization. In fact, the splitting behaviour is dependent on the position of the launching signal, i.e. the two polarizations change the output port according to the core selected as input. The second problem regards the position of the cores in the fiber cross-section. The center-to-center distance of the two output cores, in fact, is very small, 4 µm or less, that is smaller than the core diameter of a standard single mode fiber. This problem can not be simply solved by increasing the core distance without affecting the coupling efficiency of the device. In these conditions, even if the two polarizations are spatially separated, they can not be easily and properly collected at the output.
To overcome these problems, new polarization splitter structures have been designed in the present analysis. They are based on PCFs with a triangular and square lattices of holes and they encompass a three-core directional coupler with a symmetric central core, the input port, and two highly birefringent output ones, whose distance is higher than 20 µm. Whatever the input polarization, the two orthogonal polarizations are always separated into the same output cores, which can be assumed as the horizontal and the vertical output ports. The devices provide extinction ratios between -14 dB and -23 dB over bandwidths up to 90 nm, the extinction ratio being, for each output core, the power ratio of the undesired and the desired polarization. The designs have been realized using a finite element method (FEM) full-vector modal solver [12] , to properly draw the birefringent cores, and through a FEM based beam propagation method [13] to evaluate the device length, which results very small, of the order of few millimetres.
SPLITTER DESIGN WITH TRIANGULAR LATTICE PCF
The first structure has been obtained from a triangular PCF with d/Λ = 0.4 and Λ = 4 µm, being d the hole diameter and Λ the lattice pitch. A detail is presented in Fig. 1a . The three cores are indicated with A, B and C. The diameter of the input core A is Λ(2-d/Λ) = 6.4 µm. Notice that the pitch dimension assures a center-tocenter distance between the two output cores B and C equal to 21.17 µm. While the central core has been obtained by simply omitting one hole and thus sustains two orthogonal polarizations with the same effective refractive index, the cores B and C are strongly asymmetric due to the different dimensions of the surrounding holes. Consequently they sustain two orthogonal polarizations with different effective refractive indices. The splitter has been designed to exploit this birefringence in order to force the horizontal, or x, and the vertical, or y, polarized modes to selectively couple into the two different output cores. In particular, the shape of core B has been drawn to act on the horizontal polarization by obtaining the effective refractive index of the x-polarized mode as much equal as possible to the one of the x-polarized mode in core A. At the working wavelength, λ = 1.55 µm, their difference is of the order of 10 -6 . On the contrary, the difference between the effective index of the two polarizations sustained in the same core B, is two order of magnitude higher. In these conditions a strong coupling of the x-polarized modes of cores A and B occurs, while it is very weak for the vertical polarization. In the same way core C has been designed, with respect to core A, to enhance the y polarization coupling and to inhibit the x one. The final structure of Fig. 1a , even if complicate, presents a hole distribution obtainable with current fabrication technology, also considering that just a few millimetre long PCF must be drawn for the device.
The analysis of the power evolution along the splitter confirms the expected behaviour. When a x-polarized field is launched into the central core A, the power is mainly coupled into core B and a residual fraction into core C. On the contrary, considering a y-polarized input, the power is mainly coupled into core C. As an example, the field distributions of the main magnetic field components are reported in Fig. 2 at the input ports and at a distance z = 6550 µm, where the normalized power coupled into the output ports is equal for both polarizations. With regard to these figures, notice that having used a magnetic field based beam propagation method [13] , the x-polarized mode presents H y as main magnetic component, while it is H x for the y-polarized one. From the figures it is evident the field displacement from the central core to the two output ones, according to the considered input polarization.
The best value of the extinction ratio can be reached at about 8240 µm. At this length, in fact, the y component coupled into core B is almost null while the x one is not far from its maximum, and the resulting extinction ratio is ER x = -22.15 dB. On the contrary, in core C the maximum value of the y polarization occur at 6000 µm when the x polarization is not completely null, thus providing an extinction ratio of ER y = -12 dB. This analysis suggests that the splitter performance could be further improved by matching the coupling lengths and by reducing the undesired coupling of the x polarization from core A into core C. This can be done, for instance, by slightly increasing the dimension of the hole 5. Notice that this change implies a proper change also for the hole 7 in order to maintain the proper birefringence of core C. For example, Fig. 3a reports the extinction ratios of the x and y polarizations, as a function of the device length, when changing the diameter of hole 5 to 800 nm, and consequently the diameter of hole 7 to 760 nm. The device length can be chosen around 5000 µm where the minima of the two curves occur. At exactly 5000 µm ER x and ER y are respectively -15.1 dB and -14.3 dB while they present the same value of -14.6 dB at 5110 µm. The other minima, at major distances, are too far away from each other in order to define the device length and moreover they occur when the field starts to couple back into core A. Finally it is important to underline that the two extinction ratios remain under -14 dB for a bandwidth of 60 nm between 1.50 µm and 1.56 µm. Mo.B2. 
SPLITTER DESIGN WITH SQUARE LATTICE PCF
When considering a triangular lattice cell, cores B and C are not symmetrically positioned with respect to the central one. This geometrical aspect results in different coupling behavior for the two polarizations as depicted by the different curves of the extinction ratios reported in Fig. 3a . The problem can be easily overcome by considering PCFs with a square lattice as shown in Fig. 1b . This geometry allows the two polarizations to be selectively and equally coupled in the two different cores. The shapes of the three cores have been designed following the same criteria explained for the triangular lattice case, however the design process becomes much simpler, since the same modifications can be applied symmetrically to core B and core C by exchanging the axes. This structure is also more easily fabricated, since it involves a lesser number of different diameters. Again core B acts on the x polarization, while core C on the y one, and their extinction ratio curves are reported in Fig. 3b . The structure of Fig. 1b has a coupling length, for both polarizations, equal to 15.7 mm and the two extinction ratios of about -17 dB. By increasing the device length to 20.75 mm the extinction ratios reach the lowest value of -23.5 dB. At this length the field starts to couple back into the input core thus reducing the total power exchange which, however, is still slightly higher than 70%. Finally, it is important to highlight that these good results have been achieved on a wide wavelength range. In particular the extinction ratios are below -22 dB and -20 dB respectively on a 40 nm and a 90 nm wavelength range around 1.5 µm. 
CONCLUSIONS
New polarization splitters based on three-core photonic crystal fibers with triangular and square lattices have been designed. Still providing high performances and small dimensions, the proposed devices overcome limits of previous PCF based devices as they well separate and define without ambiguity the output ports of the two orthogonal polarizations.
